Introduction.
Most of our knowledge on the structure of the upper atmosphere has been acquired from sounding data since the era of Teisserenc de Bort, who discovered the stratosphere with a handmade thermometer mounted on a balloon." A modern radiosonde was invented in the late 1920's5~ and has been used as a standard tool for upper air soundings.
Since the invention of the modern radiosondes, sounding data have been mainly used to detect the structure of synoptic disturbances. For this reason, vertical fine structures were regarded as undesired noise and did not attract interests of meteorologists. However, there have been visual evidences that imply the existence of fine structures of moisture in the atmosphere. Cap clouds over an isolated mountain, for example, seem to be a manifestation of layered structures of moisture. Provided that the layered structures correspond to multiple stable layers, it is likely that not only water vapor, but also other passive scalars in the atmosphere similarly have vertical fine structures. In the oceans, vertical fine structures of temperature, salinity and other passive scalars are commonly observed.' '7)"° Recent development of the radiosonde technology starts to make it possible to depict small vertical structures of the atmosphere. Iselin and Gutowski (1997) (1998)6 observed submeter temperature and humidity sheets in the lower troposphere over the ocean off Greenland by a sounding system mounted on a helicopter.
Most of the previous studies on atmospheric vertical structures except a few studies4~'6~ dealt with either temperature or specific humidity. Iselin and Gutowski (1997)4 dealt with the vertical structures of temperature and relative humidity with relatively large vertical scales (-1.5 km). On the other hand, Muschinski and Wode (1998)° dealt with submeter scale structures in the lower troposphere.
In this paper, we present the first evidence that the vertical fine structure in which fluctuations of temperature and moisture are negatively correlated exists throughout the troposphere. It is further shown that they are common features in the troposphere regardless of geographic locations and seasons.
Data.
Four data sets of rawinsonde soundings for temperature and relative humidity are used in the present study (Table I) (KT-95-12) was planned to study the air-sea exchange process and structures of the atmospheric and oceanic mixed layers. The rawinsondes were launched either every 3 or 6 hours. 4) Tateno data set: To examine seasonal variation of the atmospheric fine structure, raw data of operational rawinsonde soundings at the Aerological Observatory (Tateno), Japan Meteorological Agency (JMA), for August 1996 and January 1997 were analyzed. The observations were made daily at 00 and 12 UTC. The resolutions of the temperature and relative humidity sensors are 0.1°C and 1%, respectively. Although the relative humidity sensor has a weak dependence on temperature, its output is corrected automatically according to a calibration formula. The correction in relative humidity, however, always remains smaller than 0.1% and does not affect the present analysis.
Method of analysis. Raw digital data of tempera= Lure and relative humidity obtained at every 2 or 4 second intervals were analyzed in this study. Since the ascent velocity of balloons fluctuates with time, the sampling height intervals are not uniform.
The accuracy of temperature sensor is ± 0.2°C and the response time is 2.3 seconds. The accuracy of relative humidity sensor is ±2% and the response time is 1 second. Thus, we needed the following data processing to extract meaningful information with a finest vertical resolution from these data: 1) Relative humidity was converted to specific humidity by using temperature data. 2) The cubic spline method was applied to obtain data at regular vertical intervals of 10 m. 3) In the present study, we focus our attention to vertical structures with scales greater than 200 m. To filter out small-scale variations, the following running mean was applied to each sounding data:
where F is the interpolated temperature or Table  I . List of data sets specific humidity after procedure 2) is performed. F' is the running mean and z~ represents the height of the j-th vertical level. 4) To obtain the anomaly of F', we calculated a trend F defined as
In the following analysis we put N = 70, which corresponds to a running mean over 700 m. It was conflrrned that running means over 800, 900 or 1000 m (N = 80, 90 and 100) brought little change in characteristics of vertical structures presented in the next section. 5) An anomaly F"(zn) is defined by F"(zn) =F'(zn) -F (zn ).
[3]
The linear operations 1)-5) are equivalent to a band-pass filter. The transfer function of the filter is shown in Fig. 1 . It is seen that the transfer function is greater than 0.4 for vertical wavelengths between 300 m and 1300 m. This filter was applied to vertical profiles of temperature and, specific humidity.
It is difficult to extract the anomalies of specific humidity at altitudes higher than 8 km, because specific humidity becomes very small. For this reason, our analysis is confined to the atmospheric layer below 8 km MSL. The atmospheric boundary layer below 1 km is also excluded from the analysis, because its dynamics is different from that of the free atmosphere.
Results. Fig. 2 shows an example of vertical profiles of temperature anomaly T" and specific humidity anomaly q" at Ioujima at 00 UTC on 27 June 1996. Note that the sign of q"is reversed in the figure. The vertical wavelengths calculated simply by counting the number of positive peaks between 1 km and 8 km MSL are 730 m for T"and 540 m for q", respectively. In other words the typical vertical scale is about 300m.
The mean amplitude of T"is about 0.4 K and that of q" is 0.4 gkg 1. Fig. 2 indicates that T" and q" have a strong negative correlation. Most of the positive peaks of T" are located at the same altitude where the negative peaks of q" are present. As shown in the previous section, the accuracy of temperature measurement is ±0.2°C and that of relative humidity is ±2%, which corresponds to specific humidity of ± 0.3 gkg 1 at 1 km MSL and ± 0.04 gkg ' at 8 km MSL. Several peaks of T"and q" which have large amplitude have a good correlation. However, we also see a good correlation between T"and q"even when their amplitudes are less than the accuracies. Since the sensors of temperature and relative humidity can be regarded as independent (see Data.), it is difficult to consider that the good correlation is produced by accident. Rather, it is likely that the temperature and humidity sensors give physically meaningful values even below their accuracies (at least for the signs of the anomalies). Fig. 3 shows the frequency distribution of correlation coefficients r between T"and q"calculated for 167 Table I ) and over the Pacific ocean off the Tokai district (Data No. 7) in summer. The resulting frequency distribution of the correlation coefficients are shown in Fig. 4 . It turned out that the distribution is quite similar to that in Fig. 3 .
To investigate a dependence on seasons, 62 profiles in January 1997 at Tateno (Kanto area) were also analyzed. The resulting frequency distribution of the correlation coefficients between T" and q"is shown in Fig. 5 . It is seen that 87 percents of profiles have negative correlations between T" and q': Thus, the existence of vertical fine structures which have negative correlations between temperature and specific humidity anomalies is a common feature of the troposphere regardless of locations or seasons. Discussion and conclusions. We have shown that small-scale fluctuations of temperature and water vapor exist in the free atmosphere between 1 and 8 km MSL. The typical vertical scale of the fluctuations is about 300 m. The mean amplitudes of fluctuations are 0.4 K for temperature and 0.4 gkg 1 for specific humidity. They are greater than the accuracies of the sensors. In most of the vertical profiles, temperature and specific humidity fluctuations have a negative correlation.
The negative correlation found in this paper is not due to instrumental problems: Firstly, the capacitive humidity sensor used in the radiosondes has only a weak dependence on temperature and the correction of the temperature dependence on the measured relative humidity is less than 0.1 percent. Secondly, the negative correlation between the temperature and specific humidity have been obtained by both Vaisala-type and JMA-type radiosondes which utilize different temperature and relative humidity sensors. Thirdly, the fact that at Tateno in positive correlation is found for a small number of soundings also supports the idea that the negative correlation is not instrumental. Since the negative correlation between temperature and specific humidity fluctuations is a common feature in the troposphere, there must be a mechanism which produces such a feature. In the following, we will discuss several possible mechanisms that would cause the fine structure and associated negative correlation between T" and q'
The simplest mechanism to cause negatively correlated fluctuations of temperature and specific humidity is a vertical displacement of an air parcel associated with internal gravity waves. When an air parcel is lifted, its temperature decreases due to adiabatic cooling and becomes lower than the environment. Since the specific humidity generally has a negative vertical gradient, on the other hand, the specific humidity of the parcel becomes larger than that in the environment. Thus, a vertical displacement of an air parcel would yield a negative correlation between temperature and specific humidity anomalies.
In order to examine such a possibility, vertical displacements which are necessary to cause the observed fluctuations of temperature and specific humidity were calculated from e" 6 z0= dBldz[5ã nd bzq = dI dz [6] respectively, where potential temperature 9 was used instead of temperature. If the anomalies of temperature and humidity are produced only by the vertical displacement of an air parcel, bz0 and Szq must have the same magnitudes. It turned out, however, that most of bz0 are less than 120 m, while bzq are significantly greater than bze (not shown). Thus, it is not likely that the internal gravity waves or any other vertical displacements (including turbulent mixing in the vertical direction) are the primary cause of the negative correlation.
The layered structure in cap clouds over isolated mountains reminds us of oceanic microstructures. Several mechanisms are considered to produce layered structures in a stably stratified fluids. Laboratory experiments show that grid stirring in a stratified fluid results in layers of horizontal intrusions.12~ Such a stirring may be caused by overturning motions and turbulence in cumulonimbus and cumulus clouds in the atmosphere. It is desirable to investigate how water vapor are transported horizontally from a cumulonimbus cloud after it is dissipated.
Scorer (1978)9 proposed a different mechanism of the layering of specific humidity. When towers of cumulus clouds dissipate in a vertically sheared flow, the resulting moistened air are sheared over and layers of alternating high and low humidity are formed. However, such a mechanism would produce a continuous vertical wavelength spectrum of the fine structures and does not cause a dominant spectral peak at a particular wavelength.
It is also possible to consider a further different mechanism by dissipative cumulus clouds to cause layered structures. Consider a stably stratified atmosphere and assume that the left half is filled with cloud particles while the right half has no cloud particles. We further assume that there is no net density contrast in the horizontal direction initially. When a disturbance with a certain vertical wave number is given along the cloud boundary, an air parcel which contains cloud particles and moves rightward would experience a mixing with drier air in the environment. The cloud particles would then start to evaporate and cool the air parcel. This produces horizontal pressure gradient and accelerates the air parcel to intrude further rightward. The layer produced in this way would possess negative temperature anomaly and positive specific humidity anomaly, thus having a negative correlation between temperature and specific humidity anomalies.
As described above, several possible mechanisms to produce vertical fine structures can be speculated. A numerical simulation with a non-hydrostatic cumulus cloud model is currently under way to examine which mechanism is most consistent with the fine structures observed in this study.
